1. Prochymosin in solution in the presence of 8 M-urea is fully unfolded, as indicated by its fluorescence spectrum, fluorescence quenching behaviour and far-u.v. c.d. spectrum. 2. Equilibrium studies on the unfolding of prochymosin and pepsinogen by urea were carried out at pH 7.5 and pH 9.0. The results indicate that the stabilization energies of the two proteins are identical at pH 7.5, but that at pH 9.0 pepsinogen is significantly less stable than prochymosin. 3. Kinetic studies on the unfolding of prochymosin and pepsinogen indicate that the processes can be described by a single first-order rate constant, and that at any given value of denaturant concentration and pH the rate of unfolding of prochymosin is significantly greater than that of pepsinogen. 4. Unfolding of prochymosin by concentrated urea is not fully reversible, unlike that of pepsinogen. Kinetic analysis of the refolding of the proteins suggests the presence of a slow process following unfolding in urea; for pepsinogen this process leads to a slowly refolding form, whereas for prochymosin the slow process in urea leads to a form that cannot refold on dilution of the denaturant. 5. The results provide a rationale for an empirical process for recovery of recombinant prochymosin after solubilization of inclusion bodies in concentrated urea. 6. In all respects studied here, natural and recombinant bovine prochymosin were indistinguishable, indicating that the refolding protocol yields a recombinant product identical with natural prochymosin.
INTRODUCTION
Recombinant DNA technology has allowed a wide variety of mammalian proteins to be synthesized as recombinant products in microbial host cells. This has been particularly important for non-glycosylated proteins that are required on a bulk industrial scale, such as bovine growth hormone and prochymosin. Calf prochymosin, the zymogen of chymosin, a milk-clotting aspartic proteinase used in cheese production, has been studied here as a model of such proteins. Prochymosin cDNA has been cloned and expressed in Escherichia coli (Harris et al., 1982; Emtage et al., 1983) ; like many other animal proteins expressed in E. coli, recombinant prochymosin forms intracellular protein aggregates, referred to as inclusion bodies or refractile granules (Emtage et al., 1983; Nishimori et al., 1984; Schoemaker et al., 1985) . Formation of such aggregates can simplify the early stages of concentration and purification of the recombinant products, but, in general, problems are encountered in the recovery of biologically active proteins from them in acceptable yield. In the case of recombinant prochymosin, a successful solubilization and refolding protocol has been devised (Marston et al., 1984) ; the inclusion bodies are solubilized and denatured in urea and then renatured by a process involving alkaline treatment at high protein dilution. Comparable methods have been devised for other recombinant proteins (reviewed in Marston, 1986) , but no general systematic procedures are available. Solubilization/ refolding protocols are individually tailored to the protein product, and the mechanisms underlying these protocols have rarely been described in depth.
In order to rationalize the empirical procedure devised for the recovery of recombinant prochymosin, it is essential to have some understanding of the unfolding of prochymosin induced by high concentrations of agents such as urea and by high pH. Little background work has been undertaken on this topic. We here present studies on the properties of prochymosin unfolded in urea, on the unfolding transition and its reversal, and on the kinetics of unfolding and refolding. Since the unfolding and refolding of prochymosin have not previously been studied, we have included, for comparison, experiments on the homologous zymogen pig pepsinogen, which has been investigated extensively in this respect (Perlmann, 1963; Frattali et al., 1965; McPhie, 1975 McPhie, , 1980 McPhie, , 1982 Ahmad & McPhie, 1978) . The work demonstrates that prochymosin and pepsinogen differ in their rates of unfolding and in the processes that they undergo when maintained in concentrated urea; whereas pepsinogen after unfolding in urea slowly converts into a slow-refolding form, prochymosin slowly converts into a form that cannot refold simply by dilution of the denaturant. We further show that natural calf stomach prochymosin and recombinant prochymosin (recovered by solubilization and refolding from E. coli inclusion bodies) are identical in all the respects studied here. Preliminary accounts of some of this work have been presented (Sugrue et al., 1985 (Sugrue et al., , 1988 .
MATERIALS AND METHODS

Materials
Urea (AristaR) and acrylamide (Electran) were obtained from BDH Chemical Co. and ultrapure guanidinium chloride was
Spectrofluorimetry
Protein fluorescence was recorded on a Perkin-Elmer MPF-3 spectrofluorimeter thermostatically controlled at 25 'C. For fixed-wavelength measurements the excitation monochromator was set at 290 nm (295 nm for quenching studies), and the emission monochromator was set at 330 nm and 340 nm for prochymosin and pepsinogen respectively. Emission spectra were recorded at speeds of either 12.5 or 50 nm/min. The excitation and emission slit widths were adjusted to 6-7 nm band pass.
C.d. spectroscopy C.d. measurements were made at the Department of Biochemistry, University of Newcastle upon Tyne, Newcastle upon Tyne, U.K., with a Jobin-Yvon Dichrograph IV, which was linked to an Apple lIe microcomputer. All solutions were filtered through a Millipore 0.2 ,um-pore-size filter before use, each protein solution having A280 = 1.0. Cells of 0.01 cm path length were used.
Each scan was measured at 5 nm/min, and ten scans were made for each sample. After each sample was scanned, a baseline reading was measured at the same scan speed and with the same number of rescans.
Potential chymosin activity
Potential milk-clotting activity of prochymosin was determined after acid activation by using a micro-titre plate assay (Emtage et al., 1983 Fo/FQ = 1 + Ks, [Q] (1) when F0 and FQ are fluorescence emission intensities respectively in the absence of quencher and in the presence of quencher at concentration [Q] , and KS5V is a constant indicating the accessibility of the fluorophore to the quencher. Where a protein contains several tryptophan residues differing in accessibility (heterogeneous emitters), the relationship between FO/FQ and [Q] is not linear (Eftink & Ghiron, 1981) . In such cases it is plausible to assume that a fraction of the total fluorescence (1 -fa) is not quenchable under the conditions studied, and that quenching of the remainder (fa) can be described by a single value of KSV. This model generates the relationship proposed by Lehrer (1971) 
Equilibrium denaturation studies
Portions of stock enzyme solution (2 mg/ml), prepared in water or 6 M-urea and buffered with 20 mM-Tris/HCl, pH 7.5, were diluted 1/100 into various concentrations of urea (buffered with 20 mM-Tris/HCl to give pH 7.5 or pH 9.0). After an incubation period of 20 min the intrinsic fluorescence was recorded.
Alkaline denaturation was monitored by recording the fluorescence change and pH after sequential additions of a 0.1 MNaOH solution. The protein concentration was 0.2 mg/ml dissolved in 20 mM-Tris/HCl buffer, pH 7.5.
Kinetic studies
Stock zymogen solutions were rapidly diluted (1/100) into various concentrations of urea by using a rapid manual mixing technique; the denaturant was pre-equilibrated in the fluorimeter light-path, allowing unfolding to be monitored within 3 s after mixing. The denaturant solutions were prepared in either 20 mmTris/HCl or 20 mM-sodium phosphate and the final pH was adjusted to between pH 6.0 and 9.0. The change in fluorescence signal was monitored continuously.
To study renaturation, a 'double-jump' technique was employed. Enzyme was added to 6 M-urea/20 mM-Tris/HCl buffer, pH 8.0, and after a variable incubation time a small portion of the denatured protein was rapidly diluted (1/10) into 'renaturation buffer' (20 mM-Tris/HCl buffer, pH 7.5) and the fluorescence change was monitored for up to 20 min.
RESULTS
Properties of prochymosin in 8 M-urea
Incubation of prochymosin in 8 M-urea increased the wavelength of maximum fluorescence emission (from approx. 330 nm to approx. 350 nm) and reduced the fluorescence intensity by approx 500%. These changes are consistent with unfolding of prochymosin, the average tryptophan environment becoming more polar. This was supported by studies in which the tryptophan fluorescence of prochymosin was quenched by acrylamide. Addition of acrylamide produced both a red-shift in the maximum wavelength ofemission (Aem,) and a downward-curving Stern-Volmer plot (Fig. 1) . This is characteristic of proteins whose tryptophan residues are heterogeneous with respect to accessibility to quencher (Eftink & Ghiron, 1976 (Lehrer, 1971) indicated that approx. 20% of the fluorescence was inaccessible in the native state only. Since fluorescence at these wavelengths is predominantly from tryptophan residues, of which prochymosin contains four, it is reasonable to suggest that a single internal tryptophan residue, which is buried in the native molecule, becomes accessible to quencher after incubation in 8 M-urea (Table 1) .
The unfolded nature of prochymosin in 8 M-urea was confirmed by comparing the characteristics of the far-u.v. c.d. spectrum in the absence and in the presence of denaturant (Fig. 2) . In 8 Murea the ellipticity at 220 nm becomes substantially less negative, and the far-u.v. c.d. spectrum changes to a type that is characteristic of a random coil (spectrum not shown). These changes indicate loss of ordered secondary structure due to solvent denaturation. In the native state, pepsinogen, natural prochymosin and recombinant prochymosin showed effectively identical far-u.v. c.d. spectra (not shown), and analysis of these spectra indicated a predominance offl-sheet with a small fraction of a-helix, as expected from the known structures of aspartic proteinases.
Equilibrium and kinetic studies of the unfolding of prochymosin The unfolding transition was followed by measuring the decrease in fluorescence intensity as a function of denaturant concentration or pH, after equilibration for 20 min. The unfolding transitions of prochymosin induced by high urea concentration (Fig. 3a) or alkaline pH (Fig. 3b) showed a single sharp transition between the native and unfolded conformations, implying a co-operative two-state transition during unfolding with no intermediates. The alkaline denaturation of pepsinogen (Fig. 3c ) was more complex, with a minor transition at pH 8-9. At pH 7.5 prochymosin (natural and recombinant) and pepsinogen were similar in sensitivity to urea denaturation, the unfolding transition showing a mid-point at approx. 2.7 M-urea ( Table 2 ). The proteins were also similar in sensitivity to guanidinium chloride (results not shown), the mid-point of the single co-operative unfolding transition being at 1.3 + 0.1 Mguanidinium chloride in each case. Increasing the pH from 7.5 to 9.0 increased the sensitivity of the proteins to urea denaturation, pepsinogen being affected more, so that it is markedly more readily denatured by urea at the higher pH than is prochymosin. The change in fluorescence intensity between the native and denatured state was not altered by the pH change.
Equilibrium constants for the transition between the folded and unfolded states were derived at each urea concentration, and converted to give the free energy change on unfolding (AG.) at each urea concentration. Stabilization energies (AG0), i.e. free energies of unfolding in absence of denaturant, for prochymosin and pepsinogen were obtained from these data by linear extrapolation (Greene & Pace, 1974; Pace, 1975) (Fig. 4) . At pH 7.5, no significant difference in AGO between prochymosin and pepsinogen was observed (Table 2) , and the value obtained approximates the literature value for pepsinogen of 27.2 kJ/mol (Ahmad & McPhie, 1978) . At pH 9.0 the stabilization energies were reduced, but significantly more so for pepsinogen than for prochymosin.
To obtain kinetic data, the fluorescence change on denaturation was monitored continuously after rapid addition of aqueous solutions of protein to denaturant; data could be collected within 3 s of mixing. Under all conditions studied here, the entire fluorescence change was represented by a single exponential curve from which a first-order rate constant (k1) was derived (Fig. 5) ; there was no unresolved faster phase. The value ofk1 increased markedly both with increasing urea concentration and with pH (Fig. 6a) . A 10-fold increase in k1 can be generated either by an increase of pH by 1 unit at constant urea concentration or by an increase of urea concentration by 2 M at constant pH. Combinations of high urea concentration and high pH produced unfolding processes that were complete within the mixing time, and hence could not be measured by using the methods employed here. Each rate constant was obtained from triplicate experiments, and the reproducibility was in the range ± 5 % to + 15 %. When natural and recombinant prochymosin were compared under identical conditions, the values of k, observed agreed to within + 10 % (Fig. 6a) . Within The rates of denaturation of prochymosin and pepsinogen differed considerably, even at pH 7.5, where their equilibrium denaturation behaviour was similar. At this pH the rate of pepsinogen unfolding was approx. 10-fold lower than that of prochymosin (Fig. 6b) . At pH 9.0 this difference in rate was smaller, but still significant; this is consistent with the equilibrium studies, which showed pepsinogen denaturation to be more sensitive to the pH increase.
Studies on the kinetics of unfolding in guanidinium chloride led to the same conclusions as those in urea. A single first-order process was detected, and the observed k1 increased sharply with denaturant concentration. Rate constants for authentic and recombinant prochymosin were essentially identical and 6-10-fold greater than those for pepsinogen in the same conditions (results not shown). . Estimation of stabilization energies of (a) natural prochymosin, (b) recombinant prochymosin and (c) pepsinogen Equilibrium constants (Ku) for the interconversion of unfolded and native conformations were determined at particular urea concentrations using equilibrium denaturation data (as in Fig. 3a) . Stabilization energies (AG,,) were then determined at particular urea concentrations by using AGU = -RT ln Ku, where R and T are the universal gas constant and temperature in K. Extrapolation to [urea] = 0 allowed the estimation of the stabilization energy in aqueous solution (AG'). Measurements were made at pH 7.5 (0) and at pH 9.0 (A).
Renaturation of prochymosin
Previous studies have shown that pepsinogen is fully able to regain its native conformation after renaturation from high concentrations of urea (McPhie, 1980 (McPhie, , 1982 . Prochymosin, Portions of stock protein were rapidly diluted into solutions of various urea concentrations and pH values, and the changes in fluorescence intensity were measured continuously. The data were transformed into a semi-logarithmic plot, which allowed the estimation of a first-order rate constant (k,) for unfolding. The unfolding data shown were observed for natural prochymosin diluted in 3.5 M-urea/20 mM-sodium phosphate buffer, pH 7.5.
unlike pepsinogen, does not show full reversibility with respect to urea denaturation. Rapid dilution into buffer of a urea-denatured prochymosin solution resulted in a refolded product that has regained only part of the native fluorescence (Fig. 7) and approx.
20 % of the native potential enzyme activity. This lack of reversibility, which was observed over a wide range of prochymosin concentrations, suggested that a two-state mechanism was insufficient to explain the urea-induced unfolding of prochymosin. The kinetics of refolding were therefore studied by using double-jump experiments, in which protein was incubated in high concentrations of urea for various times before renaturation by rapid dilution into aqueous buffer. The refolding process was monitored by measuring the increase in fluorescence as a function of time.
The refolding kinetics of pepsinogen are well characterized (McPhie, 1980 (McPhie, , 1982 and involve two kinetic phases. A fast phase could not be monitored by our manual procedure, but a slow phase having a first-order rate constant of 0.008 + 0.001 s-1 was observed (Fig. 8) , which compares with the published value of 0.005+0.001 s-1 (McPhie, 1982) . The amplitude of the slow phase increased with the time of exposure to urea; when [Urea] (M) Fig. 6 . Effects of pH and urea concentration on the rate of unfolding (k1) of (a) natural prochymosin (0) and recombinant prochymosin (A) and of (b) natural prochymosin (0) and pepsinogen (0) The protein concentration was 20 ,ug/ml, in 20 mM-sodium phosphate buffer, pH 6-8, or 20 mM-Tris/HCl buffer, pH 9.0.
Vol. 271 Pepsinogen (2 mg/ml) was denatured in 6M-ure 300 s, after which the denaturant was removed by into denaturant-free buffer. The change in the fluo a function of time was recorded, and the data were I a semi-logarithmic plot (inset) to determine a first-or (kj) for the slow phase in the refolding process. fluorescence quenching and far-u.v. c.d. The changes in spectroscopic properties were characteristic of the transfer of tryptophan side chains to more polar environments, the transfer of one tryptophan residue from a position inaccessible to acrylamide to a more exposed situation and the loss of ordered polypeptide backbone structure. In equilibrium studies, denaturation of prochymosin by urea, monitored by fluorescence, was shown to approximate to a two-state transition, as previously observed for pepsinogen, and stabilization energies for the native states of the two proteins at neutral pH (pH 7.5) were found to be identical. Direct studies of the thermodynamics of pepsinogen denaturation by scanning microcalorimetry have demonstrated the two-state behaviour to be an approximation ; the denaturation behaviour is best represented as that of two 240 300 homologous lobes, each of which consists of two highly interdependent folding units The clear difference in renaturation kinetics between pepsinogen and prochymosin explains the differences in reversibility of urea denaturation observed in the equilibrium titration studies.
The existence of this slow process in urea, which leads to the conversion of unfolded prochymosin into a form that cannot be renatured by simple dilution, provides a partial rationalization for the empirical protocol for recovery of recombinant prochymosin from inclusion bodies. This protocol involves initial solubilization in urea, then dilution into high-pH buffer (pH 10.75) followed by neutralization. The very high pH was observed to be critical (Marston et al. 1984) , which makes it most unlikely that the role of the high-pH step is to facilitate thiol/disulphide exchange, since this process would not increase in rate significantly above pH 9.5. Hence it can be proposed that the dilution of urea-solubilized inclusion bodies into pH 10.75 buffer converts prochymosin 'irreversibly' denatured by urea into a form of the protein denatured by high pH that more readily refolds to the native conformation. Recent work (e.g. Goto & Fink, 1989) has established that proteins denatured by extreme pH may be in a state distinct from the fully unfolded state in dynamics and conformation.
Throughout this work the denaturation and renaturation behaviour of natural and recombinant prochymosin have been found to be indistinguishable; where quantitative parameters have been determined (rate constants, stabilization energies, KSV values), the values have been identical within the experimental error. This identity of natural and recombinant prochymosin is clearly meaningful; the methods used are sensitive to differences in the denaturation/renaturation of proteins and have established the existence of such differences between prochymosin and pepsinogen.
